This paper proposes a reliable and cost-effective two-phase methodology to predict crack propagation life in generic two-dimensional (2D) structural components. First, the usually curved fatigue crack path and its stress-intensity factors are calculated at small crack increments in a specialized finite-element software, using automatic remeshing algorithms, special crack tip elements and appropriate crack increment criteria. Then, the computed stress-intensity factors are transferred to a powerful general-purpose fatigue-design program, which has been designed to predict both initiation and propagation fatigue lives by means of classical design methods. Particularly, its crack propagation module accepts any K I expression and any crack growth rate model, considering sequence effects such as overload-induced crack retardation to deal with 1D and 2D crack propagation under variable amplitude loading. Non-trivial application examples compare the numerical simulation results with those measured in physical experiments.
Introduction
The prediction of fatigue crack propagation life under variable amplitude loading in intricate twodimensional (2D) structural components is a challenging problem, which can be optimally solved by sequentially using the so-called global and local analysis procedures.
The (generally curved) crack path and its associated stress-intensity factors K I and K II can be conveniently calculated by a finite-element (FE) global discretization of the component, using appropriate crack www.elsevier.com/locate/engfracmech tip elements, mesh regeneration schemes and crack increment criteria. However, this method is not computationally efficient under variable amplitude loading, since it requires remeshing procedures and FE recalculations of the whole structure's stress/strain field at each load event. Both tasks demand intensive and time-consuming numerical calculations. Moreover, the modeling of crack retardation effects increases the numerical burden and compromises even more the efficiency of this global approach.
On the other hand, the direct integration of the material crack growth rate model using an appropriate stress-intensity expression for the crack can be efficiently used to calculate the crack's increment at each load event, considering crack retardation effects if necessary. However, K I solutions are simply not available for most real components, and the errors involved in using handbook expressions as an approximation increase as the real crack deviates from the tabulated one, making the accuracy of this local analysis questionable and its predictions unreliable in those cases.
Since the advantages of the global and local approaches are complementary, the crack propagation problem can be successfully divided into two steps. First, the crack path and its associated Mode-I stress-intensity factor K I ðaÞ along crack length a are calculated, under simple loading, at small discrete steps using an appropriate FE software. Then, an analytical expression is fitted to the discrete K I ðaÞ calculated values and exported to a local approach program. Finally, the actual variable amplitude loading is efficiently treated by the integration of the crack growth rate model, considering retardation effects if required.
The purpose of this paper is to describe the fundamentals of a system composed of two complementary programs designed to implement this two-step hybrid methodology, which was validated by means of crack growth experiments on modified four-point bending single-edge notch (SEN) and compact tension (CT) test specimens, in which holes were machined to curve the crack propagation path. This system has demonstrated that satisfactory fatigue life predictions under complex load in arbitrary 2D structural components can now be obtained even in PC environments. The following section describes the numerical procedures to compute stress-intensity factors in 2D geometries.
Numerical computation of stress-intensity factors
In 2D FE models, three methods can be chosen to compute the stress-intensity factors along the (generally curved) crack path:
(i) the displacement correlation technique (DCT) [1] ; (ii) the potential energy release rate computed by means of a modified crack-closure (MCC) integral technique [2, 3] ; and (iii) the J-integral computed by means of the equivalent domain integral (EDI) together with a mode decomposition scheme [4, 5] .
Since Bittencourt et al. [6] showed that, for sufficiently refined FE meshes, all three methods predict essentially the same results, only the DCT method will be seen here. However, the other two methods also provide good results even for relatively coarse meshes (see Miranda et al. [7] for details).
In the DCT method [1] , the displacements obtained from the FE analysis at specific locations are correlated with the analytical solutions expressed in terms of the stress-intensity factors. For quarter-point singular elements near the crack tip, the crack opening displacement d is given by
where v jÀ1 and v jÀ2 are the relative displacements in the y-direction at the j À 1 and j À 2 nodes (see Fig. 1 ), L is the element's size, j ¼ 3 À 4m in plane strain or j ¼ ð3 À mÞ=ð1 þ mÞ in plane stress, m is the Poisson ratio, and l is the shear modulus. The Mode-I, and analogously the Mode-II, stress-intensity factors can be evaluated from Eq. (1) by
where u jÀ1 and u jÀ2 are the relative displacements in the x direction at the j À 1 and j À 2 nodes (see Fig. 1 ).
Numerical computation of the crack increment direction
Fatigue cracks will attempt to propagate in Mode-I or to minimize the amount of Mode-II loading [6] , curving their paths if necessary to avoid rubbing their faces. To simulate this behavior in 2D FE analysis, the most used criteria for the computation of crack growth in linear-elastic regime are: (i) maximum circumferential stress (r h max ); (ii) maximum potential energy release rate (G h max ); and (iii) minimum strain energy density (S h min ).
Concerning the first criterion, Erdogan and Sih [8] considered that the crack extension should occur in the direction that maximizes the circumferential stress in the region close to the crack tip. On the second criterion, Hussain et al. [9] have suggested that the crack extension occurs in the direction that causes the maximum fracturing energy release rate. And, in relation to the third criterion, Sih [10] assumed that the crack growth direction is determined by the minimum strain energy density value near the crack tip. Bittencourt et al. [6] have shown that, if the crack orientation is allowed to change in automatic fracture simulation, the three criteria provide basically the same numerical results. Since the maximum circumferential stress criterion is the simplest, presenting a closed form solution, it is briefly described below.
The stresses at the crack tip for Modes I and II are given by summing up the stress fields generated by each mode 
where r r is the normal stress component in the radial direction, r h is the normal stress component in the tangential direction and s rh is the shear stress component. These expressions are valid both for plane stress and plane strain. The maximum circumferential stress criterion assumes that crack extension begins on a plane perpendicular to the direction in which r h is maximum (thus s rh ¼ 0). Monotonic extension shall occur when r h max reaches a critical value corresponding to a property of the material (K IC for Mode-I). Using s rh ¼ 0, Eqs. (4) and (5) have a trivial solution h ¼ AEp for cosðh=2Þ ¼ 0, and a non-trivial solution otherwise
This equation implies that for the pure Mode-I case K II ¼ 0, K I sin h ¼ 0 and h ¼ 0°, and that for the pure Mode-II case K I ¼ 0, K II ð3 cos h À 1Þ ¼ 0 and h ¼ AE70:5°. These are the extreme h values of the crack propagation angles. The mixed-mode intermediary values are found by solving Eq. (6) for h, resulting in h ¼ 2 arctan 1 4
where the h sign is the opposite of the K II sign.
Finite-element mesh generation
The computational models described above have been implemented in a program called Quebra2D (which means 2D fracture in Portuguese) [11, 12] , an interactive graphics program for simulating 2D fracture processes. The crack representation scheme used in Quebra2D is based on the discrete approach. In this sense, the program is similar to well-known 2D simulators, such as Franc2D [6, 13] for example. The discrete approach has been widely employed to simulate a great variety of fracture problems, ranging from aerospace components [6] to concrete gravity dams [14] . However, Quebra2D brings some improvements with respect to its ancestors. It performs adaptive FE analyses, for example, and its graphical interfaces are much more flexible and portable. Moreover, the adaptive analyses are coupled with modern and efficient automatic remeshing schemes. This section concisely describes the automatic FE mesh-generation algorithm specifically devised for this program.
The meshing algorithm works both for regions without cracks and for regions with one or multiple cracks, which may be either embedded or surface breaking. This is an adaptation of an algorithm previously proposed for generating unstructured meshes for arbitrarily shaped 3D regions [15] . The 2D algorithm has been designed to meet four specific requirements, as follows.
First, the algorithm should produce well-shaped elements, avoiding elements with poor aspect ratio. While it does not guarantee bounds on element-aspect ratios, care is taken at each step to generate the best possible shaped elements. Empirical observations show that the algorithm is largely successful in meeting this requirement [7] .
Second, the generated mesh should conform to an existing discretization on the region boundary. This is important to simulate crack growth, because it allows local remeshing in a region near a growing crack. The algorithm, however, is not restricted to small regions near cracks and is relatively fast. In the examples shown in this work, the entire mesh was regenerated at each crack propagation step in a time interval of the order of ten seconds using a Pentium 650 MHz PC with 128 MB of RAM. Another advantage of this strategy is that the boundary curves are discretized independently from the model's domain, thus resulting in a more regular boundary discretization.
Third, the algorithm should shift smoothly between regions with elements of highly varying size, because in crack analysis it is not uncommon for the elements near the crack tip to be two orders of magnitude smaller than the other elements.
Fourth, the algorithm should have specific capabilities for modeling cracks, which are usually idealized without volume. That is, the surfaces representing the two sides of a crack face are distinct, but geometrically coincident. This means that nodes on opposite sides of crack faces may have identical coordinates, and the algorithm must be able to discriminate between the nodes and to select the one on the proper crack side.
The proposed algorithm incorporates well-known meshing procedures [16] [17] [18] [19] [20] [21] [22] and introduces some original steps. It includes an advancing front technique along with a quadtree procedure to develop local guidelines for the generated elements' size, taking special care to generate elements with the best possible shape during the advancing front. To enhance the quality of the mesh element's shape, an a posteriori local mesh improvement procedure is used.
Another innovation of the algorithm presented here is the generation of internal nodes simultaneously with the elements. Some authors, e.g. Rassineux [22] , use a quadtree/octree procedure to generate internal nodes prior to element generation. The current algorithm also uses a quadtree, but only as a node-spacing function. This approach tends to give a better control over the generated mesh quality and to decrease the amount of heuristic cleaning-up procedures. Moreover, it specifically handles discontinuities in the domain or boundary of the model, such as the evolving crack examples that will be shown below.
The input data is a polygonal description of the boundary of the region to be meshed, given by lists of nodes defined by their coordinates and of boundary segments (or edges) defined by their node connectivities. This type of input can represent geometries of any shape, including holes or cracks. From the boundary segments, a background auxiliary quadtree structure is created to control the sizes of the FE generated by the advancing front technique. The given boundary edges form the initial front that advances as the algorithm progresses. At each step of this meshing procedure, a new triangle is generated for each front base edge. The front advances replacing the base edge with new triangle edges. Consequently, the domain region is contracted, possibly into several regions. The process stops when all the contracted regions result in single triangles. The overall algorithm is presented next.
Quadtree generation
The first phase of the algorithm involves quadtree generation. To illustrate the required steps, a hypothetical example of a boundary input data is considered, as seen in Fig. 2a . The steps in this phase are as follows:
• Quadtree initialization based on given boundary edges (Fig. 2b) . Each segment of the input boundary data is used to determine the local subdivision depth.
• Refinement to force a maximum cell size (Fig. 2c) . The quadtree is refined to guarantee that no cell in its interior is larger than the largest cell at the boundary.
• Refinement to provide minimum size disparity for adjacent cells (Fig. 2d) . This additional refinement forces only one level of tree depth between neighboring cells and provides a natural transition between regions of different degrees of mesh refinement.
Advancing front procedure
The advancing front method is divided into two phases. The first, called geometry-based phase, is based solely on the shape of the elements. In the second, called topology-based phase, the optimal element shape criteria are raised and the algorithm attempts to create valid triangles based only on topology, as in any advancing front method. This two-phase advancing front technique is certainly one of the advantages of the presented meshing scheme. The required steps for the advancing front procedure are as follows:
• Front initialization based on given boundary edges, where the current boundary edges are stored in two separated lists. The first is a list of active edges, which includes all boundary edges that have not been used in an attempt to generate well-shaped triangles (geometry-based phase). The other is a list of rejected edges, that is, the edges that failed in the element generation with well-shaped triangles (topologybased phase).
• Front contraction. In this step, for each base edge on the advancing front, it is necessary to:
Determine the optimal location N1 for a candidate node based on the local quadtree cell size (Fig. 3a) . Find all nearby nodes on the current front. The optimal point defines an optimal region where the vertex of the triangle to be generated is located. This region is a sector of a circle with center at the optimal point and a radius proportional to the quadtree cell size (see Fig. 3a ). Insert a new node at the optimal location N1 and generate an element using this node, if no nearby node is found inside the optimal region. Or, if more than one node is found in the region, rank them according to the angle that will be created with the base edge (Fig. 3b) . Additional geometric checks are performed to ensure that the edges of the new element do not intersect any existing edge of the advancing front. If this is the case, then the element is rejected. If there are two or more nodes with the same coordinates, as can occur in crack problems (see Fig.  3b ), select the proper node using a simple test, based on the list of adjacent boundary edges of the nodes on the advancing front. The normals to the crack curves adjacent to the selected nodes are used to perform this test, as illustrated in Fig. 3b , assuming that all crack curves are smooth (with no abrupt change of direction nor bifurcation). Update the list of active edges, once a valid triangle is generated for the current base edge. If the algorithm fails in forming a valid triangle for the current boundary base edge due to geometric bounds imposed by the current advancing front, remove it from the list of active edges, storing it in the separate list of rejected edges. The topology-based element generation phase starts when a boundary edge fails twice in trying to generate an optimal element. The list of rejected edges of the previous phase is transformed into a list of active edges. In this phase, any node close to the current base edge is selected. The node that has the best angle metric with respect to the base edge is chosen for the generation of the new triangle. This phase always generates a valid mesh (although not optimal), because it is always possible to triangulate a region that is defined by its boundary edges [23] .
Local mesh improvement
The last phase of the algorithm is local mesh improvement. The required steps for this phase are as follows:
• Node relocation smoothing. The first procedure is a conventional nodal relocation smoothing technique [18, 24] based on node coordinate averaging.
• Quality evaluation and local back-tracking with element deletion. The back-tracking procedure consists of deleting an element that is classified as poorly shaped and a group of elements in its vicinity. The classification of a ''bad'' triangle is based on a specified measure [7] . For each element of the generated mesh, this quality measure is evaluated. If the value of this metric is above a predefined limit value, then the element is classified as a poorly shaped element. A local polygon to be meshed is created by an algorithm that is defined through the following steps (see Fig. 4 ):
Step 1: Creation of an initial list of adjacent nodes. For each element that is adjacent to the poorly shaped element (the black element in Fig. 4 ), its nodes are stored in the list. An adjacent element is defined as an element that shares two nodes (an edge) with the ''bad'' element.
Step 2: Creation of an extended list of adjacent nodes. These additional nodes share more than one element with nodes in the initial Step 1 list. This step has been incorporated because it results in polygons with better shapes for reconstruction. Step 3: Creation of a list of elements to be deleted. These elements are defined when three nodes are present in the extended list of adjacent nodes.
Step 4: Creation of the local polygon to be remeshed. For each element to be deleted, each of its edges is inserted into the polygon boundary if it is not there yet, otherwise the edge is removed. After the creation of the local polygon, elements are generated by means of applying the previously described advancing front algorithm procedure.
The efficiency and reliability of the presented mesh-generation algorithm has been attested in a previous work [7] . An example of crack propagation FE simulation in a model with a relatively complex geometry, using the presented algorithm, will be discussed in Section 6.
The current algorithm may be optionally used in an adaptive mesh-generation scheme that is based on an a priori boundary refinement, such as the scheme devised by Paulino et al. [25] . In this case, the adaptive process first requires the analysis results from an initial FE mesh, usually rough, with the geometric description, boundary conditions and its attributes. Then a discretization of the domain's region boundary is performed, based on the geometric properties and characteristic sizes of the boundary elements (adjacent to the boundary curves), determined by the error estimation from the previous step of the FE analysis. From this discretization, a new mesh is generated using the algorithm described above with one minor improvement: as the quadtree structure is used to guide the size of the generated elements, an additional quadtree refinement is performed after the initial quadtree is generated. This additional refinement takes into account the characteristic element sizes that are determined by the error estimation analysis.
Modeling of fatigue crack growth under variable amplitude loading by the local approach
The modeling of fatigue crack propagation under variable amplitude loading by the local approach is discussed below. The loading complexity, whose amplitude can randomly vary in time, is unlimited. However, multiple-origin loads, which induce stresses whose principal directions vary significantly in time, are considered beyond the scope of this discussion. Sequence effects are considered, such as overloadinduced crack retardation or arrest. Only Mode-I is discussed, since most fatigue cracks propagate perpendicularly to the maximum tensile stress.
The local approach is so called because it does not require the global solution of the stress/strain field in the entire structure. Its predictions are based on the direct integration of the material fatigue crack growth rate model, da=dN ¼ F ðDK; R; DK th ; K C ; . . .Þ, where DK is the stress-intensity range of the propagating crack, R ¼ K min =K max is a measure of the mean load, DK th is the fatigue crack propagation threshold, and K C is fracture toughness. Therefore, neither the DK expression nor the crack propagation model should have their accuracy compromised in the name of mathematical simplicity when using this approach. In addition, most environmental effects can be dealt with an appropriate da=dN model.
In practice, fatigue crack growth calculations under variable amplitude loading require the aid of appropriate automation software, since the numerical effort to integrate the DK expressions can be quite heavy. There is a number of automation software available for that purpose, such as MSC.Fatigue, from MSC.Software, or NASGRO, the crack growth program developed by NASA [26, 27] . The latter, for instance, calculates crack propagation under variable amplitude loading for several specimen's geometries, considering load interaction effects if necessary. However, this software restricts many of the user options, such as limiting the choice of the da=dN expression to Forman-Newman's equation, with load interaction models restricted to variations of the Willenborg, strip-yield, and constant closure models [27] .
A powerful program named ViDa (which means ''life'' in Portuguese, but also stands for Visual Damagemeter) has been developed to automate the fatigue design routines by all local methods, giving the user total control over the calculation procedures [28, 29] . This software can calculate fatigue crack propagation and also crack initiation using the S-N , the IIW (for welded structures) and the e-N methods. Its crack growth routines include several load interaction models and over thirty da=dN models, but it accepts any other by means of its equation interpreter, reflecting its open philosophy. In particular, crack growth predictions using ViDa have been successfully validated through a direct comparison with similar calculations performed using NASA's NASGRO software.
In the following, first the main features of the ViDa software are concisely described and then the cycleby-cycle integration method and the modeling of load sequence effects are discussed.
The ViDa software
The purpose of this software is to automate, in a friendly environment, all calculations required to predict fatigue life under variable amplitude loading by means of the local approach. It runs on PCs under Windows 95/NT or better operating systems, including all necessary tools to perform the predictions, such as an intuitive and friendly graphical interface in six languages; intelligent databases for stress concentration and intensity factors, crack propagation models, material properties, and more; traditional and sequential rain-flow counters; graphical output for all computed results, including elastic-plastic hysteresis loops and 2D crack fronts; automatic adjustment of crack initiation and propagation experimental data; an equation interpreter, etc. Crack growth can be calculated considering any propagation model and any DK expression that can be typed in a BASIC syntax (making it an ideal companion to the Quebra2D software, which can be used to generate the DKðaÞ expression if it is not available in the database).
The software has safety features to automatically stop the calculations if, during any loading event, it detects that: (i) K max ¼ K C ; (ii) the crack has reached its maximum specified size; (iii) the stress in the residual ligament reaches the rupture strength of the material S U ; (iv) da=dN reaches 0.1 mm/cycle (for most engineering alloys, above this rate the problem is fracturing, not fatigue cracking); or else if (v) one of the borders of the piece is reached by the crack front, in the part-through crack propagation case (however, for some geometries, the software is able to model the transition from part-through to through cracks). Moreover, it informs the user when there is yielding in the residual ligament before the maximum specified crack size or number of load cycles is reached. This way, the computed values can be used with the guarantee that the validity limits of the mathematical models are never exceeded.
The cycle-by-cycle integration method
This method associates to each load reversal the growth the crack would have if that 1/2 cycle was the only one to load the piece. Applying this assumption, it is easy to write a general expression for the incremental crack growth. Defining da=dN ¼ F ðDK; R; DK th ; K C ; . . .Þ, a i and Dr i as the crack length and stress range in the ith 1/2 cycle of the loading, and R i as the mean load ratio, then the crack will grow by da i given by:
The total growth of the crack is quantified by P ðda i ). Therefore, the cycle-by-cycle method is similar in concept to the linear damage accumulation rule used in the SN and eN fatigue design methods. And, as in Miner's rule, it requires that all events that cause fatigue damage be recognized before the calculation, e.g. by rain-flow counting the loading. But, since it must be applied sequentially, load interaction effects can be recognized.
However, the traditional rain-flow counting algorithm alters the loading order, as shown in Fig. 5 . This can cause serious problems in the predictions, since loading order effects in crack propagation are of two different natures: (i) delayed effects, which can retard or stop the subsequent crack growth due, for instance, to plasticity-induced Elber-type crack closure [30] or to crack tip bifurcation (these interaction effects among the loading cycles usually increase crack life and, if neglected, may induce excessively conservative predictions); and (ii) instantaneous fracture, which occurs in the first load peak where K max P K C , an event which must, of course, be precisely predicted.
Since the ViDa loading input can preserve the time order information, a sequential rain-flow counting option was introduced in that software [29] . With such technique, the effect of each large loading event is counted when it actually happens, and not before its occurrence, as in the traditional rain-flow method (see Fig. 5 ). Therefore, the sequential rain-flow option avoids the anticipation of overload-induced effects, which can cause non-conservative crack propagation life predictions: as Kðr; aÞ usually grows with the crack, a given overload applied when the crack is large can be much more harmful than when the crack is small. Sequential rain-flow avoids most sequencing problems caused by the traditional method, and it is certainly an advisable option since it presents advantages over the original algorithm while maintaining its main features without increasing its difficulty.
Load interaction models
It is well known that load cycle interaction effects can be very important when predicting fatigue crack growth. There is a vast literature proving that tensile overloads can cause retardation or arrest of the subsequent crack growth, and that compressive underloads can sometimes affect the crack propagation rate [30] [31] [32] . Neglecting load interaction effects in fatigue life calculations can completely invalidate the predictions. In fact, only after considering overload-induced retardation effects can the life reached by real structural components be justified when modeling many practical problems. However, the generation of a universal algorithm to quantify these effects is particularly difficult, due to the number and the complexity of the mechanisms involved, such as: plasticity-induced crack closure; blunting and/or bifurcation of the crack tip; residual stress and/or strain fields; strain-hardening and/or strain-induced phase transformation; crack face roughness; and oxidation of crack faces. Besides, depending on the case, several of these mechanisms may act concomitantly or competitively, as functions of factors such as crack size, material microstructure, dominant stress-state, and environment.
On the other hand, the main characteristic of fatigue cracks is to propagate cutting a material that has already been deformed by the plastic zone that is always around their tips. Fatigue crack faces are embedded in an envelope of (plastic) residual strains and are consequently compressed when completely discharged, and open, alleviating in a progressive way, the (compressive) load transmitted through them.
According to Elber [33] , the crack tip is stressed only after completely opening the crack at a stressintensity K op . Therefore, the greatest the K op , the smaller would be the effective stress-intensity range DK eff ¼ K max À K op , and this DK eff instead of DK would be the fatigue crack propagation rate controlling parameter. Most load interaction models are, although indirectly, based on this idea. This implicates the supposition that the main retardation mechanism is caused by plasticity-induced crack closure: in these cases, the opening load should increase when the crack penetrates the plastic zone inflated by the overload, reducing DK eff and stopping or delaying the crack, while the plastic zones associated with the loading are contained in the overload-induced plastic zone.
Several mathematical models have been developed to account for load interaction in crack propagation based on Elber's crack closure idea. In these methods, the retardation mechanism is only considered within the plastic zone situated in front of the crack tip. According to these procedures, a larger plastic zone Z ol is created by means of an overload (see Fig. 6 ). When the overload is removed, an increased compressive stress state is set up in the volume of its plastic zone, reducing crack propagation under a smaller succeeding load cycle. The detailed discussion of this complex phenomenology is considered beyond the scope of this work, but a revision of the phenomenological problem can be found in Broek's work [31] . A taxonomy of the load interaction models has been presented by Meggiolaro and Castro [32] , including modifications proposed to better model effects such as crack arrest, crack acceleration due to compressive underloads, and small cracks. They classified these models in 4 categories: (i) da=dN models, such as the Wheeler model, which use empirical retardation functions to directly reduce the calculated crack propagation rate da=dN ; (ii) DK models, such as the modified Wheeler model, which use similar retardation functions to reduce the value of the stress-intensity factor range DK; (iii) R eff models, such as the Willenborg model, which introduce an effective stress ratio R eff , calculated by reducing the maximum and minimum stress-intensity factors acting on the crack tip, however not necessarily changing the value of DK; and (iv) K op models, such as the stripyield model, which use estimates of the opening stress-intensity factor K op to directly account for Elber-type crack closure.
There are other retardation models, but none of those that can be implemented in a local-approach code has definitive advantages over the models classified above. This is no surprise, since single equations are too simplistic to model all the several mechanisms that can induce retardation effects. Therefore, in the same way that a curve da=dN vs. DK is experimentally measured, a propagation model should be fitted to experimental data to calibrate the retardation models, as recommended by Broek [31] .
The numerical implementation of these retardation models in a cycle-by-cycle algorithm is not conceptually difficult, but it requires a considerable programming effort [32] . All load interaction models presented in [32] have been implemented in the ViDa software.
Experimental verification of the crack propagation modeling procedures in arbitrary 2D geometries
This section describes the testing procedures used to experimentally verify the modeling techniques proposed for predicting the curved crack fatigue propagation problem. For this purpose, two types of specimens were tested under constant amplitude fatigue loading with R ¼ 0:1: a modified four-point bending SEN and a CT specimen, in which holes were machined to curve the crack propagation path (see Before the tests, the hole-modified SEN and CT specimens were FE modeled following the procedures described in the previous sections. Then the hole position was varied in the (numerical) models to obtain the most interesting prediction for the curved crack path, by means of a simple trial-and-error process. After that, the chosen specimen geometries were machined from SAE 1020 steel bars, measured and FE remodeled, to account for small deviations in the manufacturing process. This way, it could be assured that the numerical models used in the predictions reproduced the real geometry of the tested specimens.
The FE models generated K I and K II values computed by the MCC technique at short but discrete intervals along the predicted crack paths, which were calculated by the r max method. The PC used for the numerical procedures was a Pentium 650 MHz with 128 MB of RAM, running under Windows 98 operating system. The FE models were easily created with the friendly interactive graphical facilities of the Quebra2D software, in which the incremental crack growth is automatically simulated after specifying its initial size and desired growth step. In summary, the automatic calculation procedure used during the test specimens' design phase was: (i) the FE model of the holed specimen with the specified initial crack was solved to obtain its K I and K II stressintensity factors and the corresponding propagation direction; (ii) the crack was incremented in the growth direction by the (small) specified step; (iii) after that, the model was remeshed to account for the new crack size; and (iv) the process was repeated until the required final crack size was reached.
Each calculation step, including automatic remeshing and FE solution for K I , K II and the incremental growth direction, required about 4 s on a PC. With an average of thirty increments to simulate the entire crack growth, the total calculation process took about 2 min. Therefore, it was indeed practical to implement the trial-and-error procedure used to optimize the design of the test specimens.
Although the curved crack path geometry is 2D, once it is known the crack itself can be described by its (1D) length a measured along the crack path. Hence, its K I expression can be written as a function of a, K I ðaÞ ¼ r ffiffiffiffiffi ffi pa p f ða=wÞ. These discrete values of the geometry factors f ða=wÞ calculated for each analyzed crack by Quebra2D were then exported to ViDa, where they were automatically fitted by appropriate continuous analytical functions.
Using these K I ðaÞ expressions and the da=dN crack propagation curve measured under pure Mode-I loading, the load programs that would be applied during the tests of the hole-modified SEN and CT specimens were calculated to maintain a quasi-constant stress-intensity range around DK I % 20 MPa p m, with R ¼ K min =K max ¼ 0:1. These loading values induce a stage-II (Paris regime) fatigue crack growth in the 1020 steel da=dN vs. DK curve. The fatigue lives associated with the load programs were predicted in about 3 s using ViDa.
The experimental procedures used during the tests were very similar to those in the standard measurement of da=dN vs. DK curves. All the tests were run at 20 Hz frequency in a 250 kN computercontrolled servo-hydraulic testing machine. The loads were regularly adjusted to maintain the specified quasi-constant DK I . The only major difference was the use of a digital camera and an image-analysis program to measure the crack size and path. This is a quite precise and economical option to automate these measurements, but its details are considered beyond the scope of this paper.
Before ending this section, it is worth mentioning that the design of these non-conventional test specimens, using Quebra2D to obtain the most interesting curved crack path and ViDa to predict their associated fatigue lives, is an interesting example of the practical potential of this virtual analysis methodology. These friendly software were easily and efficiently used to model the fatigue propagation of curved cracks in relatively complex 2D geometries, identifying and predicting their behavior in a very short time using inexpensive computational facilities. The actual behavior of the predictions is studied below.
Single-edge notch specimen
Cracks were fatigue propagated in SEN specimens with a hole slightly to the side of the starting notch line (created using a 0.3 mm jeweler's saw). Fig. 7 shows the dimensions of the specimen used to obtain the results described below, but several others were tested [34] . The final FE mesh automatically generated for predicting the propagation path is illustrated in Fig. 10 . Note the density of this mesh around the crack path and, particularly, around its tip. The initial mesh had 1995 elements and 4185 nodes, and the final one had 2585 elements and 5467 nodes. Fig. 11 compares the f ða=wÞ expression calculated for this holed test specimen with the standard SEN expression obtained in the literature [31] . It can be observed that the hole has a significant influence in the f ða=wÞ value. Fig. 12 shows a picture of the real crack path after the test and the FE crack path prediction made before the test. This modeling is indeed quite satisfactory. Therefore, accurate K I values calculated along this crack path could also be used to check the predicted fatigue life. However, a significant deviation was observed when comparing the experimental data with the predicted life. They only match during part of test, as shown in Fig. 13 , but, after about 440,000 load cycles, a clear deviation was present in the a vs. N graph. Since the initial match between the predicted and the measured crack behavior indicated that the integration of the material da=dN model using the calculated K I values was correctly reproducing the expected crack growth rate, it could be concluded that this was a renewed indication that the modeling was obtaining satisfactory results and that the deviation could only be due to an unplanned accident during the test.
Indeed, a review of the loading history identified that an accidental 60% overload had occurred at around 440 k cycles during a load adjustment procedure, which was confirmed by the identification of a larger plastic zone observed on the crack path at that point. This single overload was then simulated in the ViDa software, using its crack retardation models which in principle were developed to predict straight crack load interaction effects. The idea was to check if such models could also be used to describe overloadinduced retardation of curved cracks. The modified Wheeler model,
where DK ret ða i Þ is the reduced value of the stress-intensity factor after the overload at crack length a i when the crack is under the overload-induced plastic zone influence (see Fig. 6 ), was used for this purpose. This model has quite interesting features [32] , and was used with an exponent c ¼ 1:43 to simulate the curved crack growth retardation. This exponent was selected by personal experience, and finely adjusted to fit the crack growth data after the accidental overload. It is interesting to note that this simple procedure satisfactorily reproduced the whole crack growth behavior observed during the test of the holed SEN, as it is also shown in Fig. 13 .
Compact tension specimens
Four modified CT specimens have been designed and tested. Each one had a 7 mm diameter hole positioned at a slightly different horizontal distance A and vertical distance B from the notch root, as shown in Fig. 8 . This odd configuration was chosen because two non-trivial and unexpected crack growth behaviors had been predicted by the FE modeling of the holed CT specimens, depending on the hole position. The predictions indicated that the fatigue crack was always attracted by the hole, but it could either curve its path and grow toward the hole or just be deflected by the hole and continue to propagate after missing it. Fig. 14 illustrates the prediction of these two quite different curved crack paths. The initial meshes in the FE models have about 1300 elements and 2300 nodes, and the final ones after the simulated crack propagation have about 2200 elements and 5500 nodes. The computed K I values are presented and compared to the standard CTS values in Fig. 15 .
To test the accuracy of the FE modeling, the transition point between the ''sink in the hole'' and the ''miss the hole'' crack growth behaviors was identified. Then, two borderline specimens were dimensioned: one with the hole just half a millimeter below that point and the other with the hole half a millimeter above it. Due to machining tolerances, the actual difference between the vertical position of the holes in specimens CT1 and CT2 turned out to be 1.2 mm instead. These specimens were then remodeled to predict the actual crack path. The measured and the predicted crack paths are compared in Fig. 16 .
These results were so encouraging that two other specimens, CT3 and CT4, were built to recheck the experiments. This time, the vertical distance between their holes turned out to be 1.4 mm, and they were also FE remodeled to account for this deviation. However, the crack paths in these specimens were not as well predicted as they were in CT1 and CT2, as is also shown in Fig. 16 . But, in fact, the predicted paths were in between the measured ones in the two faces of the specimens, which was an indication that an unwanted transversal moment had also loaded them. Indeed, frictional problems have been found in the universal joint of the load train, which had to be substituted after those tests. However, since the average path between the two faces showed a good match with the FE predictions, it confirmed the predicted ''sink in the hole'' and the ''miss the hole'' crack growth behaviors. The predicted and measured fatigue lives are shown in Figs. 17-20, and they also show a quite good match. 
Conclusions
A two-phase methodology was presented to predict fatigue crack propagation in generic 2D structures. First, self-adaptive finite elements were used to calculate, by means of three different methods, the fatigue crack path and the stress-intensity factors along the crack length K I ðaÞ and K II ðaÞ, at each propagation step. The computed K I ðaÞ was then used to calculate the propagation fatigue life by the local approach, using the cycle-by-cycle integration method considering overload-induced crack retardation effects.
Two complementary software packages have been developed to implement this methodology. The first is an interactive graphical program for simulating 2D fracture processes based on a FE adaptive meshgeneration strategy. The second is a general-purpose fatigue design software developed to predict both initiation and propagation fatigue lives under variable loading by all classical design methods. Particularly, its crack propagation module accepts any stress-intensity factor expression, including the ones generated by the FE software.
Experimental results showed that the presented methodology and its software implementation could effectively and economically predict crack propagation paths and fatigue lives of arbitrary 2D structural components.
